ABSTRACT: Kinetic data of Brooks et al. [3] on the decomposition of C 6 H 6 near 1000 K have been analyzed by computer modeling. The observed overall 3/2-order kinetics could be accounted for by a mechanism composed of 4 key reactions involving H atoms and C 6 H 5 radicals using recently acquired rate constants. However, the appearance of CH 4 and the enhanced H 2 yields could only be explained by invoking the reactions of ϳ0
INTRODUCTION
The kinetics and mechanism of benzene decomposition reaction is relevant to the combustion chemistry of hydrocarbons in conjunction with the formation of soot in its incipient stages [1, 2] . The thermal decomposition reaction has been investigated by many laboratories using a variety of techniques [3 -8] . At temperatures above 1200 K, the reaction becomes complex and is dominated by ring-opening processes. At temperatures between 900 and 1200 K, the dehydrogenation reactions producing H 2 ϩ C 12 H 10 (biphenyl) are dominant [3] .
This study is focused on the elucidation of the mechanism for the dehydrogenation process occurring in the vicinity of 1000 K, which is controlled primarily by the initiation reaction. In this lower temperature regime (T Յ 1200 K), the ring-opening processes are relatively unimportant and the overall mechanism involves only a handful of reaction steps, which have been recently studied experimentally and theoretically with sufficient reliability. For example, for the first few steps of the decomposition mechanism [3] : their rate constants have been determined (see later) and are employed in this study for kinetic modeling of H 2 production measured by Brooks and coworkers [3] . The results of this study indicate that the overall rate constants for the production of hydrogen, which obeys the 3/2-order rate law,
with k ϭ 10 9.93 exp(Ϫ 53,790/T) dm 3 mol Ϫ1/2 s
Ϫ1
, is strongly influenced by the ϳ0.1% of toluene impurity present in their reaction mixtures. The effect was examined by computer simulation and the results presented herein.
KINETIC MODELING
The kinetic data obtained from the pyrolysis of benzene in a static reactor in the temperature range of 910 -1157 K by Brooks and coworkers [3] were modeled with recently established rate constants for the key elementary steps, including reaction (1) - (4) (4) led to the observed 3/2-order kinetic (see Fig. 1 ) for H 2 production [3]: At that time, the authors were unable to accomplish this analysis because of the absence of reliable values for all three rate constants. They have since been determined directly by experiments or indirectly through kinetic modeling or theoretical calculations. Reaction (1) or its reverse process has been determined by several groups [7 -11] . Recently, reaction (2) was calculated by us with ab initio molecular orbital and statistical theory [12] . The computed reverse rate constant (k Ϫ2 ) has been shown to agree with experimentally measured data [13] . Reaction (3), first studied by Fahr and Stein [14] , has been measured in its reverse direction by Manion and Tsang [15] . These data are kinetically consistent. Recently, three independent sets of data have been reported for reaction (4) [16 -18] . The result of Park and Lin [16] , which covers a broader 1/T range, lies in the middle with the values which can be represented by k 4 ϭ 1.38 ϫ 10 13 e Ϫ55/T cm 3 mol
The employment of the "best" kinetic data (shown in Table I ) including our recent measurements on reaction (7) and (13) [19, 20] to account for the H 2 production presented in Fig. 1 with equation (I), however, leads to a significantly higher yield than the observed one as indicated by the dashed line. The large deviation results essentially from the exclusion of reverse reactions, particularly (Ϫ1). The inclusion of all reverse processes in the scheme as required by modeling with the CHEMKIN/SENKIN program [21, 22] reduces the H 2 production below the experimental values as illustrated by the dotted line. For kinetic modeling the thermodynamic property of C 6 H 5 was obtained by using the recent ab initio result by Mebel et al. [12] and those of CH 2 (C 6 H 5 ) 2 and CH(C 6 H 5 ) 2 were obtained by using Melius' BAC-MP2 results [23] . All other thermodynamic properties were taken directly from CHEMKIN/SENKIN thermodynamic library. Figure 2 further demonstrates the underestimation of kinetically modeled results in H 2 production by dashed (967 K) and dotted (910 K) lines. The deviation between the experiment and the modeled result using the four reversible reactions may be attributed to the presence of the ϳ0.1% of C 6 H 5 CH 3 impurity in the mixture as reported by the original authors [3] .
Aside from the major toluene reactions responsible for the enhanced initiation rate [reaction (Ϫ5) and 
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However, the inclusion of these reactions still led to a slight underestimation of the H 2 yield assuming that the 0.1% of toluene impurity remained constant in the mixture. In order to account for high concentration of H 2 yield we introduced the following two likely reactions: The rate constants for these reactions are not known. However, k 9 has been estimated by Colket and Seery [24] in their modeling of the toluene decomposition. Their estimated value is given in Table I and used in our modeling. The rate constant for reaction (8) , which is more important than reaction (9), was obtained by adjusting k 8 to match the experimental and predicted concentrations of H 2 given in Figures 1 and 2 of Ref.
3 over the temperature range 910 -1070 K assuming the 0.1% toluene impurity in the reaction mixture. The result gave rise to the expression of k 8 ϭ 8.35 ϫ 10 11 exp(Ϫ11830/T) cm 3 mol Ϫ1 s Ϫ1 and are graphically presented in Figure 3 . By assuming the same amount of C 6 H 5 CH 3 impurity present in the mixture, we were able to reasonably predict the yields of H 2 and CH 4 as shown in Figure 4 . Similarly, the H 2 yields measured at two temperatures, 923 K and 973 K, as functions of [C 6 H 6 ] could be accounted for by the model, assuming the 0.1% C 6 H 5 CH 3 impurity (see Fig. 5 ). The slopes of these plots, 1.56 and 1.61 at 923 K and 973 K, respectively, confirm the 3/2-order global kinetics observed experimentally. It should be noted that the appearance of CH 4 cannot be accounted for by the ringopening/fragmentation reactions of C 6 H 6 which are of negligible importance at temperature near 1000 K. Interestingly, the 0.1% of toluene impurity is what is required for the enhanced yield of H 2 and the yield of CH 4 measured in the experiment.
We have also examined a potential effect of the unimolecular decomposition of C 6 H 5 :
which has been predicted theoretically to be the lowest-energy decomposition path (with no reverse barrier), instead of the commonly assumed ring-opening reaction producing an open-chain l-C 6 H 5 ; the activa- tion energy of the previous process was calculated to be 78 kcal/mol [25] near 1000 K. However, this secondary reaction was found to be unimportant in the present system.
SENSITIVITY ANALYSIS
We have performed sensitivity analyses for the production of H 2 and CH 4 ; the results of the analyses at 1016 K are presented in Figure 6 . Sensitivity coefficients less than 0.1 are not shown in the figure. For H 2 formation shown in Figure 6 (a), H-atom production steps (2) and (8) 4 , as revealed by Figure 6 (b), reactions (8) and (11) have strong positive effects, whereas reactions (5) and (10) negatively affect the yield of CH 4 as can be expected.
CONCLUSION
The experimentally observed 3/2 kinetics for the dehydrogenation of C 6 H 6 near 1000 K by Brooks et al.
[3] could be quantitatively accounted for with the four key elementary reactions. However, the presence of the CH 4 product and the enhanced yields of H 2 above the predicted values could only be explained by invoking the reaction of the 0.1% toluene impurity in the reaction mixture reported by the original authors.
This observation suggests that future studies of benzene reaction kinetics should use ultrapure C 6 H 6 samples so as to avoid misleading results.
